ABSTRACT: Marine snails Thais clavigera accumulate high metal concentrations in their bodies and trophic transfer may play an important role in metal bioaccumulation in this top predator in the intertidal rocky shore. In this study, we examined the relationship between the subcellular metal distribution in prey (barnacles, mussels, oysters, herbivorous snails, limpets) and the assimilation efficiency (AE) of cadmium, silver and zinc in T. clavigera. The metal subcellular distributions in the oyster prey were also modified and the metal AEs in T. clavigera measured. We further purified the subcellular fractions of different prey and determined how the biochemical properties of different fractions affected the metal AEs. Results showed that the AEs of each metal from different prey were comparable and generally high (50 to 90%). Significant positive correlation was found between the Cd AEs and the metallothionein-like protein (MTLP) fraction, and between the AEs of Zn and the trophically available metal (TAM) fraction. For Ag, no relationship between its AE and any of the subcellular fractions was documented. When T. clavigera fed on oysters with different exposure regimes, the metal AEs were not significantly correlated with the metal subcellular partitioning in the oysters. Furthermore, the AEs of Ag, Cd and Zn were similar among the different biochemical fractions. For these 3 metals, T. clavigera assimilated 60 to 85% from the insoluble fraction, 40 to 80% from the heatsensitive protein fraction, 45 to 90% from the MTLP fraction, and 40 to 80% from the metal-rich granule (MRG) fraction. Our results imply that metals bound to the insoluble fraction or MRG were also bioavailable to T. clavigera. This study may help to better understand the mechanisms of metal transfer along the intertidal food chain.
INTRODUCTION
Marine invertebrates take up metals via 2 routes: uptake from water across permeable membranes such as the gills, and the uptake of dietary borne metals (i.e. trophic transfer, Wang 2002) . Previously, dissolved uptake was assumed to be a dominant route for metal uptake, and water quality criteria were established based on such a premise. In recent years, increasing evidence has shown that dietary uptake of metals should be incorporated into the overall bioaccumulation of metals by aquatic animals (Reinfelder et al. 1998 , Wang & Fisher 1999 , Clearwater et al. 2002 .
Among the different trace metals/metalloids, it is generally thought that Hg and perhaps Cs can be biomagnified along marine food chains, but other metals such as Se and Zn also have the potential of being biomagnified along specific food chains (Wang 2002) . The ability of metals to be transferred along food chains mainly depends on the detoxification mechanisms at the lower trophic levels (Wallace & Lopez 1997) .
Two different strategies are mainly involved in the detoxification of metals by aquatic animals (Viarengo & Nott 1993) , including metals bound to special proteins (i.e. metallothioneins, MT) (Roesijadi 1992 , 1996 , Klaassen et al. 1999 , and metals bound to granules such as the metal-rich granule (MRG). Different metal detoxification pathways play different roles in the trophic transfer of metals along food chains. There has been considerable interest in how the metal subcellular distribution in prey organisms affects the assimilation efficiency by predators, as well as the role that each subcellular fraction plays in the trophic transfer of metals . Several studies have shown that MRG is non-bioavailable to the higher trophic levels (Nott 1989 , 1990 , Nott & Nicolaidou 1993 , and that metals bound to cytosolic fractions are critical for their transfer to higher trophic levels and for assimilation (Ettajani et al. 2001) . For predatory invertebrates, metals bound to cytosolic fractions of prey worms are highly bioavailable to grass shrimps (Wallace et al. 1998 . recently proposed that Cd partitioned in the trophically available fraction (a combination of organelles, heat-sensitive proteins such as HSP enzymes, and heat-stable protein or metallothionein-like protein MTLP) of the bivalve Potamocorbula amurensis was assimilated at an efficiency close to 100% by the predator, the grass shrimp Palaemon macrodatylus. This definition of trophically available metal (TAM) certainly offers a rather simple and straightforward approach to predicting the trophic transfer of metal pollutants in marine predators, but there is currently a dearth of information for other metals and predators to further confirm this hypothesis.
The control of 'metal speciation' in prey organisms in controlling their bioavailability to the grazers/predators in marine systems has generated much interest over the past decade (Reinfelder & Fisher 1991 , Wang 2002 , Xu & Wang 2002 . In marine phytoplankton, it has been shown that metal distributed in the cytoplasmic fraction is more highly bioavailable to marine herbivores such as copepods and bivalves than metals bound to cell walls/membranes (Reinfelder & Fisher 1991 , Wang & Fisher 1996 , Chong & Wang 2000 , Xu & Wang 2001 . There is also a substantial need to understand the influences of different 'metal speciation' in prey on the trophic transfer of metals to marine predators. In this study, we examined the transfer of 3 metals (Cd, Ag, Zn) in a marine rocky shore food chain comprised of different prey (barnacles, bivalves, snails, limpets) and a top predator (the whelk Thais clavigera). We specifically investigated the importance of different subcellular metal distributions in the prey in controlling the assimilation efficiency of the top predator in this specific food chain. Previous studies showed that T. clavigera accumulated metals predominantly from their prey (Blackmore 2000 , Blackmore & Wang 2004 , and that metal assimilation can be exceedingly high, which may lead to the potential biomagnification of a few metals in this specific food chain (Wang 2002) .
T. clavigera is an important key predator which is widely distributed in many rocky intertidal shores (Abe 1989). These animals can accumulate high metal concentrations in their bodies (Han et al. 1997 , Hung et al. 2001 , Blackmore & Wang 2004 . Five different prey including the oyster Saccostrea glomerata, the herbivorous snail Monodonta labio, the barnacle Balanus amphitrite, the limpet Crepidula onyx, and the black mussel Septifer virgatus were considered, all of which are generally preyed on by T. clavigera in the field (Tong 1986 , Abe 1994 . Furthermore, we conducted experiments to examine the assimilation of each metal subcellular fraction from the prey, in an attempt to directly assess the roles of different subcellular fractions in the transfer of metals to the intertidal rocky shore top predator.
MATERIALS AND METHODS
Collection of snails and prey. The whelk Thais clavigera was collected from the rocky shores of the Hong Kong University of Science and Technology. The prey of whelks including the oyster Saccostrea glomerata and the herbivorous snail Monodonta labio were also collected from the same location. The barnacle Balanus amphitrite was collected at the pier at Hebe Haven, the limpet Crepidula onyx from Tolo Harbour, and the black mussel Septifer virgatus from Clear Water Bay. These prey were maintained in the laboratory and fed with different phytoplankton foods. The whelks were fed with a mixture of different prey for 1 to 2 wk before the experiments were conducted. There were considerable differences in trace metal concentrations in these prey species, with barnacles and oysters generally containing the highest Cd and Zn concentrations, whereas the concentrations in mussels and limpets were the lowest (M. Cheung & W.-X. Wang unpubl. data).
Radiolabeling of prey. The prey were radiolabeled with radiotracers by feeding on radiolabeled diatoms or exposure to dissolved radioisotopes. The diatom Thalassiosira weissflogii was radiolabeled with 110m Ag (in 0.1 N HNO 3 , from Riso National Laboratory, Denmark), 109 Cd (in 0.1 N HCl, from New England Nuclear) and 65 Zn (in 0.1 N HCl, from the Oak Ridge National Laboratory), as described in Wang & Fisher (1996) . Briefly, exponentially growing diatoms were filtered from their growth medium and radiolabeled with 74 kBq l Cd and 65 Zn. After exposure, the animals were first evacuated of their ingested radiolabeled food for 12 h. Three individuals from each species were then measured for their subcellular metal distributions (described below), and the remaining individuals were dissected before their digestive glands were fed to the whelks.
Metal assimilation from prey. After radiolabeling, the prey were dissected and the digestive glands of herbivorous snails, limpets, mussels and oysters fed to the whelks. The digestive glands were chosen as food because they were selectively consumed by whelks in the field (Tong 1986 ). Due to their small size, the whole body of the barnacles was fed to the whelks. The radiolabeled prey were placed in 250 ml of filtered seawater. The 8 tagged whelks were subsequently individually placed in the beaker and allowed to feed for 1 h, after which the whelks were immediately rinsed with 0.22 µm of filtered seawater and radioassayed. The whelks were then individually transferred into 250 ml of seawater to depurate their ingested radiolabeled foods, while they were fed with nonradiolabeled mussel tissues daily. Water was changed every 12 h, and the feces were collected to minimize the recycling of metals and to measure the gut passage time of the ingested food materials. The radioactivity was assayed at 3 to 12 h intervals over the 48 h depuration periods. Assimilation efficiencies (AEs) were determined as the percentage of initial radioactivity retained in Thais clavigera after 48 h of depuration (Blackmore & Wang 2004) .
Feeding rate effects on metal assimilation. The oysters Saccostrea glomerata were radiolabeled by feeding on the radiolabeled diatom Thalassiosira weissflogii and the digestive glands were dissected out as described above. The digestive glands were weighed before being placed in a 500 ml beaker. Fifteen Thais clavigera were then placed into the beakers and allowed to feed for 1 h, after which time any remaining oyster tissue was removed and weighed. The ingestion rate of the whelks was calculated from the prey consumed divided by the weight of whelk tissue. The whelks were subsequently radioassayed and the AEs were measured as described above.
Metal assimilation from oysters with different exposure regimes. AEs of Ag, Cd and Zn of whelks fed on oysters with different exposure regimes were determined. The oysters Saccostrea glomerata were either exposed previously to the radiolabeled diatom Thalassiosira weissflogii or exposed to radioisotopes in the dissolved phase for different times. For the dietary exposure, the diatoms were radiolabeled as described above, and oysters were fed with the radiolabeled diatoms for 12 h (short-term exposure) or 14 d (longterm exposure). For long-term exposure, the water was changed after 2 h of radioactive feeding each day. For the dissolved phase exposure, the oysters were exposed to radiolabeled seawater for 12 h (short-term exposure) or 14 d (long-term exposure) during which the radiolabeled seawater was changed daily. Cd and 65 Zn for the 2 dissolved phase exposure treatments. No food was provided during the radiolabeling period in the dissolved exposure treatments. After radiolabeling, the oysters were dissected into 2 parts comprising the digestive glands and other soft tissues, which were placed in 250 ml of filtered seawater. Eight tagged whelks were then individually placed into the beaker. After 1 h of radioactive feeding, the animals were radioassayed and the AE was determined after 48 h of depuration. Three individual oysters from each treatment were also measured for their metal subcellular distributions in digestive gland and other soft tissues (described below).
Assimilation from pure subcellular fractions of prey. Barnacles, herbivorous snails and oysters were radiolabeled with 110m Ag, 109 Cd and 65 Zn by feeding on radiolabeled diatoms as described above. All the soft tissues were then dissected out and separated into different cellular fractions as described by Wallace et al. (1998) with a slight modification. Briefly, the soft tissues of barnacles, oysters, and herbivorous snails were homogenized and centrifuged at 1500 × g for 15 min at 4°C. The pellets contained the metalrich granule (MRG) and the cellular debris fractions. The supernatant resulting from the first centrifugation was further centrifuged at 100 000 × g for 1 h, and the pellet was defined as the organelle fraction. By combining the MRG, cellular debris and organelles, this fraction was defined as the insoluble fraction ( Fig. 1) . After heat treatment, the supernatant (defined as the soluble fraction) was centrifuged again, which resulted in 2 fractions including the metallothionein-like protein (MTLP) fraction (supernatant), and the heat-sensitive protein (i.e. HSP enzyme) (pellet). The different subcellular fractions (insoluble, HSP, MTLP) were freeze-dried and mixed with a gelatin solution to form gelatin cubes before being fed to the whelks (Wallace et al. 1998) . Wallace et al. (1998) showed that the Cd AE from the whole tissues of worms was comparable to that from the worm tissue imbedded in the gelatin. After 1 h of radioactive feeding, the AEs of the whelks fed with the different subcellular fractions of prey were measured after a 48 h depuration period, using the methods described above.
Since a few studies have shown that the metals bound to the cellular debris fraction are also bioavail-able to the predator (Wallace & Lopez 1997 , Rainbow et al. 2004 , another experiment was conducted to directly measure the metal AEs from the MRG fraction. The herbivorous snail Monodonta labio and the oyster Saccostrea glomerata were radiolabeled with 110m Ag, 109 Cd and 65 Zn by feeding on radiolabeled diatoms as described above. After the first centrifugation at 1500 × g for 15 min, NaOH was added to the pellet and heated at 80°C for 10 min, and centrifuged at 5000 × g again for 10 min at 4°C. The pellet was the MRG fraction and the supernatant was the cellular debris fraction. The MRG fraction was solidified in the gelatin solution (1.2 g of gelatin and 10 ml of filtered seawater). The mixture of gelatin and MRG was placed at -20°C for 15 min, and the gelatin cubes were fed to the whelks. After 1 h of radioactive feeding, the AEs of the whelks were quantified.
Metal subcellular distribution in the prey and whelks. The subcellular distributions of 110m Ag, 109 Cd and 65 Zn in the prey and whelks' whole soft tissues were determined using the methods described by Wallace et al. (1998) . A total of 5 different fractions were obtained, including the cellular debris, MRG, organelle, HSP and MTLP fractions. The summation of the HSP, MTLP and organelles was defined as the trophically available metal (TAM) (Fig. 1) , while the summation of cellular debris and the MRG was defined as the trophically unavailable metal . The summation of the MRG, cellular debris and the organelle fractions was defined as the insoluble fraction, and the summation of HSP and MTLP was the soluble fraction (Fig. 1) 
RESULTS

Metal assimilation from prey
The retention of Ag, Cd and Zn following pulse feeding of different radiolabeled prey is show in Fig. 2. A very high retention of the 3 metals was observed for all prey. The AEs were calculated as the percentage of metals retained in the whelks after 48 h of depuration (Table 1) , and ranged from 53 to 94% for all 3 metals and for the 5 species of prey. Within each prey treatment, there was rather large individual variability in the quantified AE for each metal. The AEs for Ag were generally the lowest among the 3 metals. Among the 5 prey, the AEs of metals from the barnacles were also generally lower than from the other prey (digestive glands), especially for Zn. The AEs were comparable among the other prey species. After depuration, the subcellular distribution of the assimilated metals in the whelks was quantified (Fig. 3) ; thus, the main subcellular pool of assimilated Ag was the insoluble fraction (MRG + cellular debris + organelle). About 38% of Ag was bound with the MRG fraction and only 1% of Ag was bound to the MTLP fraction. For Cd, 30% was bound to the MRG fraction and 8% was bound to the The whole prey tissue was also fractionated to determine the metal partitioning in different subcellular fractions (Fig. 4) . Among the 5 prey, most metals were distributed in the MRG + cellular debris fractions (after the first centrifugation). For the 2 bivalve species (oysters and mussels), MRG and cellular debris (oysters only) were the 2 dominating pools for metal storage. Similarly, most of the metals assimilated by the barnacles were deposited in the MRG and cellular debris fractions, and MRG was the dominating pool for Cd and Ag storage. In contrast, most of the assimilated Cd in the herbivorous snail Monodonta labio was bound to the soluble fractions (HSP and MTLP fractions). The HSP fraction was also important for Ag and Zn storage in this snail species. For limpets, the MRG + cellular debris was the dominating pool for all metal storage, but the MTLP fraction was also important for Cd and Zn sequestration. When the metal AEs were correlated with the metal distribution in different subcelluar fractions of the prey, there was a significant positive relationship between the Cd AE and the percentage of Cd in the MTLP fraction (Table 2) . No correlation was found for other combinations of metal and each subcellular fraction. The metal AEs were then further correlated with the TAM fraction (organelles + HSP + MTLP) (Fig. 5) . A significant correlation between the AE and the TAM fraction was documented for Zn, but not for Cd and Ag. When all 3 metals were considered together, a significant correlation was also evident. There was no significant correlation between the metal AE and the percentage of soluble or insoluble fractions (Table 2) .
Feeding rate effects on metal assimilation
The feeding rate of individual whelks was calculated after 1.5 h of radioactive feeding on the radiolabeled oysters, and the AE of different individuals was calcu- for Ag, 24 to 86% for Cd, and 27 to 95% for Zn. There was no significant relationship between the feeding rate and the AE of metals in the whelks (data not shown). However, it appeared that the metal AEs were reduced substantially at the highest feeding rate (23.4% of body dry weight each day, in which the AEs of Ag, Cd and Zn were as low as 32, 31 and 36%, respectively). The gut passage time (GPT) of whelks was measured by continuously radioassaying the produced feces and ranged between 22 and 46 h. There was no significant relationship between the AEs of metals and their respective GPTs.
Metal assimilation for oysters with different exposure regimes
Depuration of ingested metals by Thais clavigera fed on oyster tissues that were radiolabeled with different exposure pathways for different times is indicated in Fig. 6 . Retention of metals was generally comparable among different treatments. The calculated AEs for whelks fed with digestive glands of radiolabeled oysters were 60 to 86% for Ag, 89 to 94% for Cd, 68 to 86% for Zn; and for whelks fed with the other soft tissues of oysters 66 to 87% for Ag, 81 to 92% for Cd, and 73 to 92% for Zn (Table 1) . There was no significant difference in metal AEs from the radiolabeled oysters with different exposure routes and times (post hoc tests). When comparing the metal AEs feeding on the digestive gland and other soft tissues, the Ag AEs were somewhat lower from the digestive gland with dietary exposure. In this experiment, there was no significant correlation between the metal AE and the percentage of TAM fraction or the percentage of the soluble fraction for either digestive glands or the other soft tissue fed to the whelks.
Assimilation from pure subcellular fractions of prey
The percentages of Ag, Cd and Zn retained in the whelks after ingestion of pure subcellular fractions of barnacles, oysters and herbivorous snails are shown in Fig. 7 . For barnacles, only a small portion of metals was partitioned in the TAM fraction, and the radioactivity of this fraction was too low for the experiments. Only the insoluble fraction (cellular debris + MRG + organelle fractions) was, therefore, collected in this experiment. The percentage retained in the whelk body was similar when the animals fed on different (Table 1) . For whelks fed on the insoluble fraction of barnacles, the AEs for Ag, Cd and Zn were as high as 68, 76 and 75%, respectively (Table 1 ). In general, the metal AEs for the insoluble fraction of different prey were comparable to those for the HSP and MTLP fractions, indicating that metals bound to the insoluble fraction were equally bioavailable to the whelks. In another experiment, the MRG fraction of snails and oysters were directly purified and fed to the whelks for metal AE measurement (Fig. 8) . Our results show that the metals bound to the MRG fraction were also available to the whelks. The AEs of metals from the MRG fraction were lower than those from the insoluble fraction in whelks feeding on Monodonta labio. For oysters, however, the AEs were comparable to those measured for the insoluble fraction.
DISCUSSION
Assimilation from different prey
Several studies have quantified the trophic transfer of metals in marine predatory snails (Nott & Nicolaidou 1994 , Wang & Ke 2002 , Blackmore & Wang 2004 . One area that has drawn recent attention is how the different metal subcellular distributions in prey organisms affect the trophic transfer of metals along food chains (Wallace & Lopez 1996 , Ettajani et al. 2001 . Two main pathways are involved in metal detoxification, including the inducible metal binding proteins such as MT (Roesijadi 1992 , 1996 , Klaassen et al. 1999 , and the metal-rich granules (MRGs) (Rainbow 1993) . Both metal sequestrations allow animals to detoxify the metals, but have contrasting effects on the trophic transfer of metals. Wallace et al. (1998) suggested that metals associated with the cytosolic fraction (HSP + MTLP) and the organelle fraction of the oligochaete Limndrilus hoffmeisteri were most available to the omnivorous shrimp Palaemonetes pugio. Metals associated with phosphate granules (MRG) in prey are not bioavailable to predators (Nott 1989 , whereas metals associated with MRG, mainly composed of carbonate, may be partly available to the predatory snail Nassarius reticulatus (Nott 1989 ).
The 5 species of prey in our study were chosen because they are commonly found along Hong Kong rocky shores, and are components in the diet of Thais clavigera (Tong 1986 ). Among these 5 prey, the barnacles had the highest percentage of metals distributed in the insoluble fraction, and the MRG pathway was the main pathway for barnacles to detoxify the accumulated metals (Rainbow 1987) . Most Ag was distributed in the insoluble fraction of the prey's soft tissues as a result of its high affinity for the insoluble ligands. For Cd, a higher percentage was bound to the soluble fraction in the prey's soft tissues, presumably because Cd induced the production of MT (Klaassen et al. 1999) . Our study suggests that the AEs for the whelks fed on different prey were similar, but were much lower for whelks fed on barnacles because the MRG was the main binding ligand for the metals in the barnacles. As MRG was less bioavailable to the predators, the AEs for whelks consuming barnacles would be lower. The herbivorous snails Monodonta labio had the highest percentage of metal distributed in the TAM fraction among the 5 prey species, and correspondingly, the AEs for whelks fed on this snail were generally high. In addition, our data showed a significant relationship between the AEs, and the Cd and Zn distribution in the whelk's prey. The positive significant correlation between the Cd AE and the percentage of Cd in the MTLP fraction suggested a high bioavailability of the MTLP fraction. The AE of Zn increased with the percentage of metals deposited in the TAM; thus, this fraction was more bioavailable to the whelks than the other fractions.
Nevertheless, there was no significant correlation between the Ag AE and any of its subcellular fractions, including the TAM fraction. The partitioning in the TAM fraction also did not explain the Cd AEs among the different types of prey used. These data strongly suggest that the application of TAM in predicting the trophic transfer of metals in whelks should be treated with caution. Given the extremely high metal AEs and the predominance of metals associated with the MRG and cellular debris in different prey, it is evident that metals were highly bioavailable to the predators regardless of their subcellular fates.
In our study, no relationship was observed between the AEs of Thais clavigera and their feeding rates, but the AEs were exceedingly low when the whelks fed at a much higher rate. There has been no report on metal assimilation as a function of food ingestion in marine predatory snails. The digestive process of metals in the whelks appears to be much longer than that found in marine suspension feeders such as bivalves. For example, the measured gut passage time of the metals was as long as 46 h in whelks, compared to between 3 and 24 h in mussels (Wang & Fisher 1996) . Such a long passage through the digestive tracts of the whelks may have prevented the establishment of a relationship between the AE and the feeding rate.
Assimilation from oysters with different exposure regimes
Many environmental factors may affect the subcellular metal distributions in organisms (Selck & Forbes 2004) . In our study, we used different exposure regimes to modify the subcellular metal distributions in the prey oysters Saccostrea glomerata, and examined whether these changes affected the metal AEs of Thais clavigera. Exposing the oysters to metals from different pathways resulted in a slight change in the metal distribution. For Ag, most metal was distributed in the insoluble fraction, but with further exposure, Ag redistributed in the oysters' digestive glands from the cellular debris fraction to the MRG fraction, whereas its distribution was rather constant in the other soft tissues. The AE was similar and no significant difference between each treatment was detected. For Cd, increasing distribution in the MRG fraction with increasing exposure time was similarly found, but more Cd was distributed in the soluble fraction as compared to Ag. There was, however, relatively small variation of metals distributed in the TAM fraction as a result of different exposure regimes of metals in the oysters (dissolved versus dietary radiolabeling; short versus long term radiolabeling). Consequently, there was no significant difference in the metal AEs among the different diet treatments (except for the Ag AEs from the digestive gland with short-term dietary exposure).
Metal assimilation from different subcellular fractions
Previous studies have shown that metals bound to the MRG fraction are not trophically available to the bivalves and snails (Nott & Nicolaidou 1993) , and that metals bound to the MTLP and other enzymes are bioavailable to predators with very high AE (Ettajani et al. 2001 . In this study, we isolated each subcellular fraction and fed the pure fraction to the whelks to directly quantify the metal AEs from each pure fraction.
In our experiments, there was no difference between the AEs of metals from the entire fraction except for the MRG fraction. Metals bound to the insoluble fraction of prey were also bioavailable to Thais clavigera with a very high AE. One possible reason may be that the insoluble fraction also contained the organelle fraction. indicated that the organelle fraction was in fact available to the predator with an AE of ~70%; thus, the bioavailability of the insoluble fraction may potentially originate from the organelle fraction. Since the organelle fraction only contributed to between 20 and 30% of the total insoluble fraction, and assuming that its AE was 70%, it only contributed 14 to 21% of the bioavailability of the insoluble fraction, which was in strong contrast to our results. Another possible source of metals from the insoluble fraction was the cellular debris fraction. A few studies have shown that Cd bound to the cellular debris fraction of the oligochaete Limnodrilus hoffmeisteri and Cu bound to the cellular debris of Nereis virens are bioavailable to the glass shrimp Palaemonetes pugio (with an AE of approximately 49%) and polychaete Nereis diversicolor, respectively (Wallace & Lopez 1997 , Rainbow et al. 2004 In experiments with the MRG fraction isolated directly from the different prey (oysters and snails), the results demonstrated that the whelks were able to assimilate metals appreciably from the MRG, even though the AEs for the snail MRG were lower when compared to the other subcellular fractions. To our knowledge, this is the first study that provides direct evidence of the bioavailability of MRG-bound metals to a marine predator. Several previous studies generally assumed that the predators were not able to assimilate metals bound to the insoluble granules. Given the high proportion of metals stored in granular form in many invetebrate species, the potential role played by the MRG in trophic transfer should be considered. One mechanism for the potential bioavailability of MRG-bound metals was the low gut pH of the predator. Nott & Nicolaidou (1994) suggested that the MRG-bound Ca and Mn were available to the snail Nassarius reticulates primarily because the low gut pH in this predatory snail may dissolute the carbonate granules, and calcium in the granules would become available and absorbed by the snails. The phosphate granules were insoluble in the gut environment of snails; thus, metals bound with the phosphate granules were not bioavailable to N. reticulates. Hence, there is a great need to examine the mechanisms underlying the high assimilation of metals associated with different metal rich granules, including the competition of H + for binding at the lowered pH conditions.
In addition, the enzymatic attack in the gut of predators may also play a role in the acquisition of MRGbound metals. Scheifler et al. (2003) found that terrestrial snails assimilated the 'nonavailable' Cd from soils as a result of the complexity of their digestive systems. During the digestive process, the ingested materials were attacked by numerous enzymes produced by the snails and some enzymatic activity was strong enough to dissociate the metals bound to the soil particles; thus, the gut pH and the enzymes of whelks may facilitate the uptake of the metals bound to the MRG. Furthermore, the form of granules should also be an important factor affecting the bioavailability of the metals associated with the granules (Nott & Nicolaidou 1994) . In our study, about 70 to 80% of metals bound to the soluble fraction was available to Thais clavigera. The metal AEs from the HSP and the MTLP fractions were lower than other measurements (i.e. ~100%, Wallace & Lopez 1996) . Using our measurements of metal AEs from each pure subcellular fraction and the subcellular metal distribution, the overall AEs of whelks fed upon the non-fractionated tissues can be simply calculated by multiplying the percentage of that subcellular fraction and the AE of that specific fraction. The predicted metal AE is then compared with the direct measurement of metal AE (Fig. 9) . In general, the prediction was rather comparable to the AE measured for the whole digestive gland of oysters and snails for Ag and Zn; thus, it appears that assimilation from each subcellular fraction may account for the overall assimilation of metals from prey tissues. Some fractions may be lost during the fractionation process, which may cause the underestimation of the quantity and the predicted AEs of Cd.
In conclusion, the whelk Thais clavigera had high metal AEs from different prey, and significant correlations between the metal AEs and the subcellular metal partitioning were documented in a few circumstances. The Cd assimilation was positively related to its partitioning in the MTLP fraction, and Zn assimilation was also positively related to the TAM fraction. These findings have implications in predicting the trophic transfer of metals along the marine food chain. Our study directly shows that metals bound with the MRG are bioavailable to whelks, suggesting that the MRG not only acts as a metal sink (sequestration) for the animals, but also can be potentially transferred to the next trophic level. With a mass balance method, the metal AEs from different prey can be predicted using the metal subcellular distribution and the AE of each single fraction. It is now necessary to study the interaction of metals in their trophic transfer to whelks, as well as extending our findings to other predators in marine food chains.
